l e t t e r S It is unclear how the immune response in early life becomes appropriately stimulated to provide protection while also avoiding excessive activation as a result of diverse new antigens. T cells are integral to adaptive immunity; mouse studies indicate that tissue localization of T cell subsets is important for both protective immunity [1] [2] [3] [4] and immunoregulation 5, 6 . In humans, however, the early development and function of T cells in tissues remain unexplored. We present here an analysis of lymphoid and mucosal tissue T cells derived from pediatric organ donors in the first two years of life, as compared to adult organ donors, revealing early compartmentalization of T cell differentiation and regulation. Whereas adult tissues contain a predominance of memory T cells 7, 8 , in pediatric blood and tissues the main subset consists of naive recent thymic emigrants, with effector memory T cells (T EM ) found only in the lungs and small intestine. Additionally, regulatory T (T reg ) cells comprise a high proportion (30-40%) of CD4 + T cells in pediatric tissues but are present at much lower frequencies (1-10%) in adult tissues. Pediatric tissue T reg cells suppress endogenous T cell activation, and early T cell functionality is confined to the mucosal sites that have the lowest T reg :T EM cell ratios, which suggests control in situ of immune responses in early life.
Knowledge of human immune responses during early life remains sparse, owing to the difficulty and impracticality of obtaining blood and tissue samples from infants. Our current view of normal infant immune responses, including T cell differentiation and function, is based mainly on the sampling of umbilical cord blood [9] [10] [11] or fetal tissue 12, 13 , which reflect immune responses in utero but not responses to the diverse antigens encountered in early life. Fundamental information about the establishment of adaptive immunity during infancy, including how T cells respond, differentiate and populate tissue sites, remains undefined. Through collaboration with organ procurement agencies, we have established protocols for obtaining lymphoid and mucosal tissues from individual organ donors for whom consent has been given for the use of tissues for research 7, 8 . We showed previously that distinct subsets of T cells, including naive and previously activated effector and memory T cell subsets, are differentially compartmentalized in the lymphoid and mucosal tissues of older children and adults 7, 8, 14, 15 . To investigate T cell immunity in tissues during early life, we obtained multiple lymphoid and mucosal tissues (and blood) from a cohort of infant and pediatric organ donors in the first 2 years of life (n = 17, Supplementary Table 1 ). We compared these to tissues from a cohort of adult donors stratified into young adults, aged 15-25 years (n = 23), and adults, aged >25 years (n = 24) (Supplementary Table 2 ). The tissues analyzed are representative of circulatory, lymphoid and mucosal sites and included blood, spleen, inguinal lymph nodes (ILNs), lung-draining lymph nodes (LLNs), mesenteric lymph nodes (MLNs), lungs, jejunum, ileum and colon.
Samples from pediatric donors contained lower T cell:B cell ratios than those from adult donors, in the blood, spleen, MLNs and intestinal sites, which indicated that T cell numbers in these tissues are reduced in early life. The CD4 + :CD8 + T cell composition, by contrast, was similar in pediatric and young adult donor tissues, showing a predominance of CD4 + T cells in lymphoid tissues ( Supplementary  Fig. 1a ). In pediatric tissues, however, major functional subsets of T cells that are delineated by their expression of the cell surface CD45 isoform CD45RA and the lymph node homing/chemokine receptor CCR7, including naive (CD45RA + CCR7 + ) and previously activated T effector memory (CD45RA − CCR7 − , T EM ) cell subsets, exhibited distinct frequencies and distributions in pediatric as compared to young adult tissues, whereas central memory (CD45RA − CCR7 + , T CM ) and terminal effector (CD45RA + CCR7 − , T EMRA ) cell subsets were similar in both age groups (Fig. 1a,b) . In pediatric donors (2 months to 2 years of age), naive T cells represented the predominant population (70-95%) of CD4 + and CD8 + T cells in the blood, spleen, lymph nodes and colon, whereas in young adults, naive T cells were present only in blood and lymphoid sites and at frequencies of <50% ( Fig. 1a,b) . CD4 + T cells in pediatric tissues also exhibited a high proportion of CD31 + cells, denoting recent thymic emigrants (RTEs) 16 (>60% in lymphoid tissues; 25-40% in mucosal sites, Fig. 1c ), which Early-life compartmentalization of human T cell differentiation and regulatory function in mucosal and lymphoid tissues exceeded the proportion of CD4 + RTEs in young adult lymphoid tissue (<30%) and at mucosal sites (<10%) ( Fig. 1c ). Pediatric and young adult thymii exhibited similar percentages of CD4 + CD8 + (double positive, DP) thymocytes (Fig. 1d) , and naive T cells were largely RTEs in both groups (Fig. 1c) . Therefore, the reduction in tissue RTEs in young adults does not correlate with differences in thymopoiesis; it could derive from differential seeding, retention or activation at these sites.
In pediatric tissues, memory T cells (mainly T EM cells) were found in frequencies >20% only in the lungs, jejunum and ileum, and they were significantly less abundant (P < 0.05) in the blood, spleen, lymph nodes and colon ( Fig. 1a,b npg l e t t e r S Supplementary Table 3 ). By contrast, in young adults, T EM cells predominated in all mucosal sites (>90%), and they comprised 30-40% of lymphoid T cells (Fig. 1b) . The compartmentalization of early T cell memory to the lungs and small intestines, but not to the draining lymph nodes, suggests local in situ priming to inhaled and ingested antigens, respectively. We examined whether infant tissue T EM cells express markers of tissue resident memory T (T RM ) cells 1, 3, 14 , including the activation marker CD69 and the integrin CD103, which are both involved in tissue retention 17, 18 . CD69 was expressed by the majority of T EM cells in all pediatric tissues, similarly to T EM cells in adult tissues, whereas blood T EM cells were CD69 − (Fig. 2a,b ) 8 . However, in pediatric mucosal sites, a lower frequency of CD8 + T EM cells coexpressed CD69 and CD103 compared to higher frequencies in adult mucosal sites (Fig. 2c,d and Supplementary Table 3 ) 8 , suggesting that mucosal memory T cells in early life have not yet fully differentiated into T RM cells.
To further establish the differentiation status of T cells in pediatric tissues, we analyzed their capacity for effector cytokine production. Lymph node T cells from adult tissues produced substantial levels of interleukin 2 (IL-2), interferon-γ (IFN-γ) and IL-4 after stimulation mediated by the T cell receptor (TCR)-CD3 complex, whereas pediatric T cells produced lower levels of both IL-2 and IL-4 and negligible levels of IFN-γ ( Fig. 2e) . Low-level IFN-γ production by pediatric lymphoid T cells, compared to those of adults, was also observed after TCR-independent stimulation of the cells with phorbol 12-myristate 13-acetate (PMA) and ionomycin (Fig. 2f) , which suggests that there are cell-intrinsic differences. Nor did pediatric lymphoid T cells produce high levels of IL-8 ( Supplementary Fig. 2) , as observed in T cells from newborn cord blood 9 . However, pediatric memory T cells in the small intestines produced IFN-γ rapidly in response to PMA stimulation, exceeding the low proportion of IFN-γ producers in the LN and in the colon (Fig. 2g) . Thus, memory T cells that are generated during early life in mucosal sites acquire the capacity to secrete proinflammatory cytokines.
We considered whether T reg cells have differential distribution or function in pediatric, as opposed to adult, tissues. T reg cells are a subset of CD4 + T cells that express the transcription factor forkhead box P3 (FOXP3) and the IL-2Rα chain (CD25), and they are essential for the establishment of self-tolerance and immune homeostasis (for reviews, see refs. [19] [20] [21] . In humans, there are few studies of T reg cells in tissues 22, 23 , and the role of T reg cells in early immune responses is unknown. In infant tissues, a high proportion (20-40%) of CD4 + npg l e t t e r S nature medicine VOLUME 22 | NUMBER 1 | JANUARY 2016 T cells were CD25 + FOXP3 + , whereas the frequency of these cells was lower in young adult tissues (Fig. 3a) . Quantitation of T reg cells on the basis of gating of CD25 + CD127 − FOXP3 + CD4 + T cells 24, 25 (Fig. 3b  and Supplementary Fig. 3) revealed an elevated frequency of T reg cells (10-30%) in all infant and pediatric tissues, which contrasted with the 6-to 10-fold lower frequency of T reg cells (2-5% CD4 + T cells) seen in adult tissues ( Fig. 3c, Supplementary Fig. 4a and Supplementary Table 4 ). T reg cell distribution in tissues also differed between pediatric and adult donors, with high frequencies of T reg cells in pediatric mucosal and lymphoid tissues, whereas in adults, T reg cell frequencies were highest in the lymphoid tissues (often in the LLN) as compared to mucosal sites (Fig. 3c,d and Supplementary Fig. 4b) .
A heat map of tissue T reg cell frequencies in individual donors ranging from infants to adults 63 years of age shows the sharp reduction in T reg cell frequencies that occurs after childhood (17-20 years) (Supplementary Fig. 4a) .
We examined potential differences in T reg cell phenotypes and turnover between tissues and the circulation. In pediatric and adult tissues, T reg cells in mucosal tissues were predominantly CD45RA − , whereas 40-60% T reg cells in lymphoid tissues and blood were CD45RA + ( Fig. 3e and Supplementary Fig. 5a ), suggesting that there are tissue-intrinsic differences in the activation state 26, 27 . Pediatric and adult tissue T reg cells also expressed CD69 (similarly to T RM cells) but not CD103, whereas blood T reg cells were CD69 − CD103 − (Fig. 3f) . All tissue and circulating T reg cells showed extensive proliferation compared to their non-T reg cell counterparts ( Fig. 3g,  Supplementary Fig. 5b and Supplementary Table 5 ). Thus, T reg cells in human tissues exhibit distinct properties that are independent of age and are instead influenced by CD45RA − phenotypes 28 and/or tissue-specific signals.
Pediatric T reg cells expressed higher amounts of FOXP3 (which is associated with increased suppressive capacity 29 ) than did adult T reg cells in lymphoid tissues, whereas levels of FOXP3 expression in adult and pediatric blood T reg cells were similar (Fig. 4a,b) . Functionally, the depletion of CD25 + CD4 + T reg cells from pediatric lymph node T cell cultures resulted in increased T cell proliferation (Fig. 4c ) and greater cytokine production ( Fig. 4d and Supplementary Table 6) ; adult LN T cells, by contrast, were activated similarly whether or not CD25 was depleted (Fig. 4c,d) . A comparable increase in T cell proliferation was observed when T reg cells were depleted from cultures derived from pediatric lungs and colon (Supplementary Fig. 6 ). Together, these results suggest that early in life, T reg cells may be suppressing tissue immune responses to a greater extent than they do later in life. The findings are consistent with recent results in npg l e t t e r S mice that show distinct roles for perinatal T reg cells in establishing self-tolerance 30 .
Our results provide a new view of infant T cell distribution and function throughout the body, with important implications for promoting immune health and protection in early life. We show that naive and T reg cells populate the lymphoid and mucosal tissues during infancy, and that differentiation of functional memory T cells occurs in certain mucosal sites. We propose that the higher T reg :T EM cell content seen in infant as compared to adult tissues (Fig. 4e) leads to in situ regulation of T cell differentiation; this confines early T cell differentiation activation and memory formation to the lungs and small intestines, both sites of continuous, high-level antigen exposure. Our results suggest that immunization may be targeted during infancy to sites with a low ratio of T reg :T EM cells for the promotion of immune protection during the early years and beyond.
METhoDS
Methods and any associated references are available in the online version of the paper.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper.
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